study question: Is age of menarche (AOM) associated with subfecundity and/or infertility in adulthood? study answer: A late onset of menarche was associated with a slightly increased risk of subfecundity and infertility. what is known already: Abnormal age at onset of menarche is a risk factor for several diseases later in life, but the effect on infertility is unknown. participants/materials, setting and methods: Information on AOM and TTP was collected through a computerassisted telephone interview scheduled in pregnancy Week 12. We estimated adjusted odds ratios (ORs) with 95% confidence intervals (CIs) using multivariate logistic regression with TTP categorized as subfecundity (TTP ≥6 months) and infertility (TTP .12 months). Multiple imputation was performed to account for missing data.
Introduction
The first menstrual bleeding, menarche, is the best recorded female pubertal milestone defining the beginning of ovulation and fecundity. An early age of menarche (AOM) has been associated with several health complications such as breast cancer (Petridou et al., 1996; Garland et al., 1998; Collaborative Group on Hormonal Factors in Breast Cancer, 2012) and cardiovascular disease (Lakshman et al., 2009) . Further, both early and late AOM may be associated with adverse pregnancy outcomes such as spontaneous abortions (Liestol, 1980; Martin et al., 1983; Wyshak, 1983) and ectopic pregnancies (Sandler et al., 1984) .
The influence of the onset of menarche on fecundity is not well known since the few existing results are conflicting. The first studies used different measures of fecundity such as age of first marriage and time of birth and total number of pregnancies (Kiernan, 1977; Udry and Cliquet, 1982; Helm, 1984; Sandler et al., 1984; Komura et al., 1992; McKibben and Poston, 2003) . Fecundability is now commonly measured as waiting time to pregnancy (TTP), for example the number of months or cycles taken by a sexually active couple not using birth control methods to conceive. To the best of our knowledge, the association between AOM and TTP has only been studied in one previous paper, reporting no association among 2653 Danish women (Wise et al., 2011) .
The main objective was to examine the association between AOM and TTP among women from a large population-based Danish birth cohort.
Methods

Study population
The study was based upon data from the Danish National Birth Cohort (DNBC), a population-based nationwide cohort in which a total of 92 743 pregnant Danish women were enrolled from 1996 to 2002 . The pregnant women were invited to participate in the DNBC by their general practitioner (GP) at their first antenatal care visit (gestational Weeks 6 -10). The GP provided oral and written information about the DNBC prior to obtaining written informed consent from all participants. Half of the general GPs in Denmark took part in recruiting pregnant women, and 60% of the invited women agreed to participate, constituting a participation rate of 30% of all pregnant women in Denmark during the study period (Nohr et al., 2006) . The women were interviewed twice during pregnancy and twice after birth by use of computer-assisted telephone interviews. The first interview was on average completed in gestational Week 17 (range 7 -40 weeks) and included questions on TTP and AOM. A total of 75% completed the first interview by gestational Week 20. Women experiencing miscarriage prior to the first interview were invited to participate in an almost identical interview. Of the 92 743 women enrolled in the DNBC, 2604 women with miscarriage agreed to participate.
We excluded women reporting an unplanned pregnancy and women who did not know or would not answer the question on TTP (n ¼ 14 216), thus limiting our study population to 78 527 women with planned or partly planned pregnancy and information on TTP. We further excluded (i) 16 (0.02%) reporting AOM .24 years, (ii) 44 (0.06%) who were fertilized with donor eggs, (iii) 15 (0.2%) reporting height ,140 cm for themselves or their male partner and (iv) 5198 (6.6%) with physician verified diseases in genital organs or cancer (chlamydia, endometriosis, vulvodynia, malformation of the uterus, cysts in the ovaries as well as kidney-, ovarian-and cervical cancer). Further, by using information from the Danish National Patient Register (DNPR) (Lynge et al., 2011) , we excluded (v) 147 women (0.2%) with chromosomal abnormalities or malformation of the sexual organs and the urinary tract diagnosed before the age of 16. In total, we excluded 5420 (6.9%) of the 78 527 women making a final study population of 73 107 pregnant women.
Approval for this specific study was obtained by the Danish Data Protection Board (2013-41-1495 ) and the DNBC steering Committee (2012-35) .
AOM
The first pregnancy interview included questions on menstrual characteristics, including AOM. The women were asked, 'How old were you when you got the first menstruation?' and were further asked to provide an age or school grade at the time of the event. We converted the school grade to age by means of the Danish Ministry of Education statistics on median age distributed on grade (The Ministry of Education, 2013). Women not providing a specific answer were asked to indicate whether their menarche occurred late, early or neither early nor late according to their own expectation. We converted these groups into age by use of multiple imputation, as described in the section 'Missing information'. We formed the following exposure categories: ,11, 11, 12, 13 (reference), 14, 15 and .15 years.
TTP
From the first pregnancy interview, information on TTP was available as well. The pregnant women were asked whether their pregnancy was planned, partly planned or not planned. Women who stated that their pregnancy was planned or partly planned were asked the following question, 'For how long did you try to become pregnant before you succeeded?' with the following answer categories: (i) did not try to get pregnant, (ii) got pregnant immediately, (iii) 1 -2 months, (iv) 3 -5 months, (v) 6 -12 months, (vi) .12 months, (vii) do not know or (viii) do not want to answer. Women who answered 'got pregnant immediately' were categorized as having a TTP of 1 -2 months. Women reporting a TTP of ≥6 months were asked if they had received fertility treatment prior to the index pregnancy. A total of 5299 women reported fertility treatment, and 26 women did not answer or answered that they did not know. We assumed that women reporting a TTP of ,6 months did not receive fertility treatment. Since an unsuccessful attempt of at least 1 year is required to receive fertility treatment paid for by the public sector in Denmark (Praksis.dk, 2013) , we allocated those who reported treatment for infertility prior to the index pregnancy a TTP of .12 months. TTP was studied as a dichotomous outcome: subfecundity: TTP ≥6 months (with TTP ,6 months as reference) and infertility: TTP .12 months (with TTP ≤12 months as reference) as carried out previously .
Covariates
By use of directed acyclic graphs (Greenland et al., 1999; Pearl, 2010) , we identified potential confounding factors in the early pregnancy interview and by linkage to the DNPR. In the main analysis (Model 1), the following covariates were included: socioeconomic status based on the highest rank of the woman and her partner's occupational status (higher grade professionals, lower grade professionals, skilled workers, unskilled workers, students and unemployed) as a proxy for socioeconomic status in childhood, and adult BMI, (,18.5, 18.5 -24.9, 25.0 -29.9 and .30 .0 kg/m 2 ) was used as a proxy for pre-pubertal BMI, since it has been indicated that childhood obesity persists into adulthood (Singh et al., 2008) . By using the DNPR, we also included pre-pubertal eating disorders (ICD8: 306.5 and 306.50, ICD10: DF50 and DF982) (Roze et al., 2007) and metabolic diseases (ICD8: 240-279, ICD10: DE00-DE90) (Rohrer et al., 2008; Schweiger et al., 2011) in Model 1. The following covariates were available from the first and fourth interview and were used for subanalyses: women's age at pregnancy, current cycle regularity, smoking status, the partner's BMI, physical exercise, adult eating disorders and metabolic diseases verified by a physician and parity.
Statistical analyses
Missing information
Information on AOM was missing for 758 (1.0%) women, and the level of missing values on covariates was low and varied from 0 to 1.8%, except for their partners' BMI with 33.1% missing values (Table I ). The level of missing information was evenly distributed across exposure groups. To deal with missing data, we performed multiple imputation as this approach often yields more precise and valid estimates than complete case analyses (that Continued only include participants with no missing data) even if data are missing at random (Sterne et al., 2009) . In short, multiple imputation is an approach that creates several imputed data sets based on observed data. The complete data sets are analyzed separately and the results are combined, thus providing a single set of inference with the appropriate variability associated with the missing data. Prior to the multiple imputation, we performed interval censoring of AOM for the women reporting either early, late or neither early or late AOM. The interval censoring was performed as follows: neither early nor late: 12 -14 years, early: 7-11 years, late: 15 -24 years and for those with missing values: 7 -24 years. We generated 50 complete data sets and performed sensitivity analyses based on different imputation models, and results derived from the different imputation models were compared with results based on the main imputation model. The results were furthermore compared with complete case analyses.
Data analysis
We performed logistic regression models with TTP modeled as binary outcomes of subfecundity and infertility and AOM as the independent variable. In the main model (Model 1), we fitted the model with the potential confounding factors described above. In Model 2, the women's age (continuous) was added to the model. We calculated odds ratios (ORs) with 95% confidence intervals (CIs) for subfecundity and infertility in each stratum of AOM. An OR .1 indicates a higher risk of subfecundity and infertility compared with the reference group of AOM at 13 years. Since 9.6% of the women contributed to the cohort with more than one pregnancy, we applied robust standard error to account for clustering. Furthermore, in the test for trend, we used AOM as a continuous variable and 13 years as the starting point. We performed subanalyses: (i) to take the lifestyle factors of the adult women into consideration, we included smoking during pregnancy, partner's BMI, physical exercise, adult eating disorders and metabolic diseases in addition to the covariates included in the main model, (ii) to account for the possibility of non-comparability of nulliparous and multiparous women, we restricted the analyses to nulliparous women, (iii) as unplanned pregnancies tend to occur more often among the most fertile couples, we also included them and women with missing information on TTP in a model with a TTP of 1 -2 months, (iv) as women who received fertility treatment may differ from those conceiving naturally, we restricted a subanalysis to only include women who did not receive fertility treatment, (v) to take into account that pre-pregnancy BMI may be an intermediate variable, we performed a subanalysis excluding pre-pregnancy BMI from the model, (vi) to take current menstrual cycle characteristics into consideration, we included current cycle regularity (the ability to predict their menstrual cycle with 1 week's accuracy), (vii) as fecundity is sometimes presented as fecundity ratios (FRs), we used a discrete-time survival analysis with a complementary log-log link on complete cases among women with only one pregnancy in the DNBC (Sallmen et al., 1998) and finally (viii) to further investigate the influence of women's age of pregnancy, we performed stratified analyses on women's age as well as including an interaction term between women's age of pregnancy and AOM in the analysis. The statistical analyses were performed using Stata 11 Software (Stata Corporation, College Station, TX, USA).
Results
The mean AOM was 13.3 years (range: 7 -24), and therefore we used AOM at 13 years as our reference. About half (48%) of the women achieved pregnancy within the first 2 months. A total of 32% reported a TTP of ≥6 months, and 16% of the couples waited .12 months to become pregnant. Table I summarizes the characteristics of the 73 107 participants. Women with AOM ,13 years were more often younger at the index pregnancy, smokers, overweight or obese and had a higher frequency of metabolic diseases and eating disorders in adulthood compared with the reference group of 13 year olds. Women who reported AOM .13 years were on average older, better educated and more often of underweight or normal weight, compared with the reference group.
Table II summarizes crude as well as adjusted (Model 1 and 2) ORs with 95% CI for subfecundity (TTP ≥6 months) and infertility (TTP .12) according to AOM. In Model 1, AOM older than 15 years in comparison with 13 years was associated with higher OR of subfecundity (1.17 (95% CI: 1.09-1.25)) and infertility (OR: 1.18 (95% CI: 1.08 -1.29)). AOM at 15 years was also associated with higher odds of subfecundity compared with reference. AOM before 11 years was associated with a lower OR of subfecundity and infertility compared with women having AOM at 13 years. Using 13 years as the starting point, we observed a small but statistically significant positive trend of higher OR of subfecundity and infertility with increasing AOM. Crude and adjusted associations were essentially the same. After adjustment for women's age of pregnancy (Model 2), the results were attenuated, but women reporting AOM at .15 years still had higher OR of subfecundity, and the positive trend of higher OR for subfecundity with increasing AOM also persisted.
The results of subanalyses I -VII are presented in the corresponding Supplementary data, Table SI -SVII. The subanalyses did not essentially change the estimates, except for subanalysis VI and small changes in subanalyses IV and V. In subanalysis VI where current cycle regularity was included in the model, the association disappeared (Supplementary data, Table SVI) . In subanalysis IV, we excluded women who received fertility treatment and the estimates changed in the second decimal but not in one particular direction (Supplementary data, Table SIV), and further, in subanalysis V, the results slightly attenuated when pre-pregnancy BMI was excluded from the model (Supplementary data, Table SV ). The fecundity ratios (FR) followed the trends of the main analyses with a slightly reduced fecundity among women with menarche at 15 ((FR: 0.96 (95% CI: 0.93 -0.99)) and later than 15 years ((FR: 0.92 (95% CI: 0.88-0.95)) (Supplementary data, Table SVII) .
The mail analyses presented in Table II were repeated based on three alternative imputation models and essentially the same results were found (data not shown). Further, results from the complete case analyses were in the same direction (Supplementary data, Table SVIII ). There was no indication of effect measure modification on the multiplicative scale by age (data not shown).
Discussion
In this population of pregnant women, later onset of menarche was associated with a slightly higher risk of subfecundity and infertility.
Previous studies on AOM and fecundity have shown conflicting results. In line with our findings results from a Japanese study (Komura et al., 1992) indicated that AOM .18 years was associated with an increased risk of infertility. Their assessments of fecundity measurements were however not clarified. In contrast, a Chinese study (McKibben and Poston, 2003) showed that higher AOM was associated with a higher number of children born by the women. Other studies did not find any association (Sandler et al., 1984; Helm et al., 1996; Wise et al., 2011) . The studies used a variety of measurements of infertility and fecundity: no pregnancies after 1 year of trying, having a physical examination for infertility, treatment for infertility, not getting the desired number of children (Helm et al., 1996) , total number of pregnancies and age at first conception (Sandler et al., 1984) . The most recent study by Wise et al. (2011) also assessed TTP as a measure of fecundity and found no association with AOM. In contrast to our study, Wise et al. (2011) excluded women with current irregular cycles, which is a well-known risk factor for low fecundity (Jensen et al., 1999) , as well as adjusting for women's age of pregnancy and menstrual cycle length. They also excluded women who received fertility treatment and women with TTP .6 months at the time of study entry, which may cause bias if the women with either early or late menarche are the least fertile.
In our study, women who experienced menarche before the age of 11 years had lower odds of subfecundity. In addition, women with early menarche were younger when achieving pregnancy as also seen in the study by Sandler et al. (1984) . Since fecundity declines with age (O'Connor et al., 1998) , this may account for the higher fecundity among women with an earlier AOM. Since age, like TTP, is a proxy for fecundity, including women's age of pregnancy or parity in the analysis may block the causal chain, leading to over adjustment. Therefore, we expected and found that the associations were attenuated when women's age of pregnancy was included in the statistical models. Our analyses indicate that there was no interaction or effect modification by women's age at pregnancy.
We originally restricted the study to women with planned and partly planned pregnancies as TTP is not recorded in unplanned pregnancies. The strategy may introduce selection bias as couples with unplanned pregnancies on average are more fertile, and subfertile couples will therefore be overrepresented in the remaining study population. We find it unlikely that unplanned pregnancies are more common among women with altered AOM, but we took the issue into account by studying the association among women with both planned and unplanned pregnancies, and the results were essentially the same. Including women who conceived naturally and after use of fertility treatment may cause bias if the women differ in both subfecundity and AOM. When repeating the analyses only including women who conceived naturally, the results changed only on the second decimal. This may reflect an increased statistical uncertainty due to a smaller study population. Furthermore, our study population was restricted to women who achieved pregnancy, and if the fecundity of women who did not achieve pregnancy is associated with their menarcheal age, it could cause bias. Therefore, the generalizability of our results is restricted to women who achieved pregnancy.
Among the strengths of our study are the large study population, the possibility to account for unplanned pregnancies, and the ability to adjust for potential factors such as diseases in childhood, occupational status and pre-pregnancy BMI. We were able to include several other factors from the women's adult life that might influence their ability to conceive in a subanalysis. These adult variables were not included in our main analysis since they cannot have affected AOM. Some of the pre-pubertal factors were estimated based on conditions in adulthood. We had no information on childhood BMI, but it has been indicated in a systematic review that childhood obesity persists in adulthood (Singh et al., 2008) . When pre-pregnancy BMI was not included in the model, the results slightly attenuated, indicating that the adult BMI is not an independent intermediary variable between AOM and fecundity. According to the model in which current menstrual cycle regularity was included, the association between AOM and fecundity disappeared, which might indicate an interfering of the causal pathway or that we have introduced confounding that masks the association. Furthermore, Wise et al. (2011) have proposed that cycle length among women with regular cycles affects the association between AOM and TTP.
We had no information on ethnicity, but as only 3.5% of the study population was born outside Denmark or the Nordic countries (Catov et al., 2009) , the study population may be considered rather homogenous of Caucasian origin. The causal inference may be confounded by missing information on sexual behavior such as timing and frequency of intercourse as well as semen quality (Stanford and Dunson, 2007) . We cannot rule out any confounding by unmeasured factors or residual confounding.
At study entry, the participants of the DNBC were healthier than mothers in the background population and differed in regard to age and parity, but according to Nohr et al. (2006) , this had little effect on relative measures of association in this large birth cohort. The participation rate among women invited to the study was 60%, but since the participants were not informed about the specific aim of this study, it is unlikely that participation was associated with both AOM and TTP (differential participation), thereby minimizing the risk of selection bias. Further, the use of retrospectively collected information on AOM and TTP may cause recall bias. However, in most cases recall time on TTP was short (84% ,1 year), and the validity of TTP has been proven to be valid for short-term recall (Cooney et al., 2009) and perhaps after several years (Joffe et al., 1995) . The mean recall time for AOM was 16.4 (range 0-35) years. As the mean menarcheal age of 13.3 years is similar to other contemporary Danish surveys (Olesen et al., 2000; Juul et al., 2006) , it supports the validity of our data. Thus, misclassification is most likely non-differential, resulting in bias toward the null hypothesis.
Two recent studies have shown an inverse relationship between antiMüllerian hormone (AMH), suggested as a marker of ovarian reserve (La Marca and Volpe, 2006) , and menarcheal age among young adults (Kerkhof et al., 2010; Bragg et al., 2012) . A late AOM was shown to be associated with lower levels of AMH, which might indicate a smaller ovarian reserve among women maturing at an older age. In contrast, others found that early onset of menarche was associated with diminished ovarian reserve (Sadrzadeh et al., 2003; Weghofer et al., 2013) among women seeking treatment for infertility. We may speculate that the observed association between menarcheal age and female fecundity, which might be marked by lower levels of AMH, could be explained by unknown prenatal exposures.
In conclusion, our findings suggest that late AOM is associated with a slightly higher risk of subfecundity and infertility. Future studies using prospectively collected information on puberty as well as fecundity are needed.
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Supplementary data are available at http://humrep.oxfordjournals.org/.
